The nucleus retroambiguus (NRA) is a neuronal cell group in the medullary ventrolateral tegmentum, rostrocaudally between the obex and the first cervical spinal segment. NRA neurons are premotor interneurons with direct projections to the motoneurons of soft palate, pharynx, and larynx in the nucleus ambiguus in the lateral medulla as well as to the motoneurons in the spinal cord innervating diaphragm, abdominal, and pelvic floor muscles and the lumbosacral motoneurons generating sexual posture. These NRA premotor interneurons receive very strong projections from the periaqueductal gray (PAG) in the context of basic survival mechanisms as fight, flight, freezing, sound production, and sexual behavior. In the present study in rat we investigated the physiologi- 
motoneurons in the lumbosacral spinal cord involved in generating the posture necessary for mating in cat (Boers et al., 2005; Holstege, 2014; Vanderhorst & Holstege, 1995) , hamster (Gerrits & Holstege, 1999) , and monkey (Vanderhorst, Terasawa, Ralston, & Holstege, 2000a) .
The periaqueductal gray (PAG) also uses the NRA premotor interneurons to generate vocalization in the cat (Holstege, 1989; Subramanian & Holstege, 2009 Zhang, Bandler, & Davis, 1995) , monkey (J€ urgens, 2009) , and in the songbird (Schmidt & Wild, 2014) . In humans, the PAG-NRA pathway represents the sound part of human speech , which includes changes in respiration frequency (Subramanian, Balnave, & Holstege, 2008; Subramanian & Holstege, 2009 .
To understand the physiology of individual NRA neurons, it is necessary to know how the multiple NRA motor systems operate. In an earlier study in cat, Subramanian and Holstege (2009) showed how the NRA is involved in respiratory and laryngeal modulation during vocal behavior. In the current study, we investigated the single activity patterns of NRA neurons and the NRA neuronal responses to afferent feedback loops via vagal, peripheral chemosensory and nociceptive pathways. In addition, we examined the functional topography within the NRA for the respiratory, laryngeal and pelvic floor control systems.
With this comprehensive approach, we aim to establish not only the evolutionary perspectives of the NRA across species but also data for using the rat as a model for future investigations of the PAG-NRA pathway within the emotional motor system (Holstege, 1992) .
| M A TE RI A L S A ND M E TH ODS

| Experimental protocols
Adult Sprague-Dawley rats (n 5 32, either sex, 350-450 g) were used.
All experiments were performed at The University of Sydney under approval of the university animal care ethics committee. Two series of physiology experiments were conducted. First, the functional topography within the NRA was established via chemical stimulation along its rostro-caudal axis. Second, the types of NRA-neurons and their responses to pulmonary afferent reflex activation, hypercapnea, hyperoxia and nociception were assessed.
| Surgery
The rats were anesthetized with urethane (1.5 g/Kg, i.p.). Catheters were placed in the femoral artery and vein for monitoring blood pressure (BP) and for administration of supplementary fluids. The depth of anesthesia was monitored by assessing the presence or absence of the withdrawal reflex and/or arterial blood pressure changes in response to a hind-paw pinch. A tracheal cannula was introduced via tracheostomy to allow spontaneous breathing, and, if required, to connect a mechanical ventilator. The body temperature of the animal was maintained between 36 and 388C using a feedback-controlled heating blanket and a rectal probe. Animals were then placed in a stereotaxic frame and an occipital craniotomy was performed to allow access to the caudal medulla. The brain was covered with paraffin oil.
| Chemical stimulation of the NRA
Excitatory amino acid [D, L-homocysteic acid (DLH), 50 mM, Sigma
Aldrich Australia) microinjections were used for neurochemical stimulation of NRA neurons. For microinjections of DLH, a single barrel glassmicropipette (tip diameter 10-30 lm) was inserted into the NRA region as defined by Holstege et al. (1997) . This encompassed an area 0-2.5 mm caudal to the obex, the point at which the central canal opens into the third ventricle (bregma co-ordinates 213.56 and 213.68, Paxinos & Watson, 2007) . The obex has been used as a landmark to stereotaxically map the ventral surface of the medulla both rostral and caudal in the rat, cat, rabbits, and monkeys (see reviews by Bianchi, Denavit-Saubie, & Champagnat, 1995; Euler, 1983; Ezure; 1990; Feldman, 1986; Long & Duffin, 1986; Richter & Smith, 2014) .
Our previous studies (Huang-Subramanian et al., 2000; Jones et al., 2012; Subramanian, 2013; Subramanian & Holstege, 2009 , 2010 , 2011 , 2013 Subramanian et al., 2008) have used the obex point as a reference to stereotaxically map the ventral brain stem. The obex was directly identified from the dorsal surface by aspiring the cerebellum on the dorsal surface. A pressure system (Picospritzer II, Parker Instrumentation) was used for delivering the microinjections. The volume injected was determined using a precalibrated scale. An interval of 25 min between microinjections was provided to eliminate any residual effects of the previous injection. The point of the injection site and its three dimensional spread (Edeline, Hars, Hennevin, & Cotillon, 2002; Nicholson, 1985) were assessed by rhodamine microspheres staining of the site and comparison made against the stereotaxic co-ordinate plots based on rat atlas (Paxinos & Watson, 2007) .
| EMG recording
Two Teflon-coated stainless steel wires (0.0045 in), stripped 2 mm at each end, were surgically implanted into the crural diaphragm, thyroarytenoid (TA), internal intercostal (IIC), and external abdominal as well as in the pubococcygeus muscles as part of the pelvic floor. In all animals in the same part of the muscles EMG electrodes were implanted to maintain similar electrode geometry and signal output. The electrode placements in the respective muscles were verified at the conclusion of each experiment.
| Extracellular recording of NRA neurons
Micropipettes in a double-barrel cluster, one filled with 3 M NaCl (DC impedance approximately 8-10 MX for cell recording) and the other with D, L-homocysteic acid (DLH, 50 mM) were used to localize neurons in the NRA. They were classified as either tonic when they showed spontaneous activity that did not correlate with respiratory modulation or as phasic when they showed discharge that correlated with the central respiratory rhythm as measured via the diaphragm EMG discharge. When a neuron was isolated in the NRA via the NaCl barrel a small amount of DLH solution was injected at the recording site via the DLH barrel. By checking whether or not this neuron showed excitation by DLH stimulation it was possible to ensure that the recording was made from the neuronal cell body and not from fibers of passage (Fries & Zieglgansberger, 1974; Goodchild, Dampney, & Bandler, 1982; Lipski, Bellingham, West, & Pilowsky, 1988; Subramanian, 2013; Subramanian & Holstege, 2013 ).
| Vagal nerve stimulation
The right vagal nerve was isolated at the cervical level. The proximal end was stimulated, using a pair of Teflon coated stainless steel wire electrodes. The Teflon was cleared for approximately 2 mm from the end and the wires were wrapped around the nerve to form a cuff (Subramanian, Chow, & Balnave, 2007a,b; Subramanian and Holstege, 2010, 2011) . It was ascertained that only the vagal nerve was stimulated and not the aortic depressor nerve. Electrodes were appropriately placed to prevent anodal block. The vagal stimulation protocol consisted of a stimulus frequency of 7 Hz, an intensity of 1 V, and a pulse width of 1.0 ms.
| Induction of hypercapnea and hyperoxia
The inspired gas was changed by allowing the rat to breath a gas mixture containing 7% CO 2 , 13% O 2 , and 80% N 2 (to induce hypercapnea/hypoxia) or 100% O 2 (hyperoxia) from a gas bag. CO 2 or O 2 breathing was maintained for 5 to 10 s. It was ensured that there was no mechanical displacement of the trachea during this procedure. Bag containing room air was used as control prior to applying hypercapneic or hyperoxic gas.
| General histology
At the end of each experiment, the animal was deeply anesthetized and transcardially perfused with 0.9% saline followed by 4% paraformaldehyde in phosphate buffer, pH 7.2. After perfusion, the brain was removed and stored in 4% formaldehyde for 2 hr, after which it was transferred into a 30% sucrose/formaldehyde mixture for at least 48 hr to prevent formation of ice crystals. The brainstem caudal to the obex was cut on a freezing microtome into 50 lm coronal sections. The injection sites, marked by rhodamine microspheres, were identified using fluorescence microscopy and stereotaxically plotted on standard drawings according to the atlas of Paxinos and Watson (2007) . Marked sites were reconstructed on standard sections by first identifying the bottom of each tract and then reconstructing the injection sites based on the depth of each injection as noted from the stereotaxic micromanipulator record.
| Data Analyses
The Powerlab-Vetter-Macintosh (AD Instruments, Sydney) data acquisition system was used for collecting data. Using Labchart software (AD Instruments, Sydney) ensemble averages were derived from amplified (x2000), band pass filtered (20-1,000 Hz) signals using sampling rates of 20,000/s. Neuronal activity was amplified, recorded, and displayed on an analogue as well as on a digital storage oscilloscope (Scope software, Maclab systems) to ensure that the unit under study was unambiguously discriminated throughout the experiment. Signals were also fed into a window discriminator (chart software) for continuous assessment of the configuration, shape, and height of the recorded action potentials. Once a neuron was identified from its background activity, the spike size was optimized. The cell-unit firing rate (spikes/s) was measured for approximately 10 breaths for both preintervention (control) and postintervention periods. The latency of the response was measured from the time of intervention until the time of onset of significantly increased firing rates, (Subramanian, 2013; Subramanian & Holstege, 2011 , 2013 . This study only includes neurons whose spike configuration remained constant and could clearly be discriminated from background activity throughout the entire experiment. This approach allowed determining the activity characteristics of the same cell before and after an experimental intervention. The raw diaphragm EMG signal was used for measurement of inspiratory (Ti) and expira- Cessation of diaphragm function for one or two breath cycles was seen at the end of activation of the abdominal muscles. The thyroarytenoid, the external intercostal and the pelvic floor muscles were not recruited.
Microinjections (DLH, 50 mM, 30 nL) 2.5 mm caudal to the obex (n 5 6) produced excitation of the pelvic floor pubococcygeus and the external abdominal muscles (Figure 1d ). The external abdominal muscles were recruited prior to the activation of the pelvic floor muscle. In a subset of animals (n 5 3), we measured the changes to respiratory variables during pelvic floor activation. The respiratory frequency increased from 75 6 10 to 160 6 30 breaths/minute, reflected by a decrease of the inspiratory (Ti) duration from 0.30 6 0.05 s to 0.15 6 0.05 s and the expiratory (Te) duration from 0.50 6 0.10 s to 0.20 6 0.05 s. There was a clear increase in the diaphragm EMG amplitude.
The thyroarytenoid and the intercostal muscles were not recruited. The NRA stimulation sites and evoked responses. The location of the NRA in terms of mm lateral to the midline was the same in the rats. In the same rat no effect was found injecting 0.5 mm lateral or medial to a positive injection site 
| Nonphasic neurons in the NRA
Several neurons (n 5 53) were recorded in the NRA that exhibited nonphasic activation patterns (Figure 4) . Most of them were found scattered along the rostro-caudal axis of the NRA, intermingled within the phasic clusters. Of these nonphasic neurons three different types of spontaneous discharge patterns were observed. The first type ( Figure   4a ) were low-burst neurons (n 5 31) with an irregular firing pattern with the second spike occurring throughout the 1,000 ms period. The second type (Figure 4b ) was classified as medium-burst neurons (n 5 13) with the second spike occurring within 1-15 ms after the first spontaneous spike. The third type (Figure 4c ) was classified as highburst neurons (n 5 9) with the second spike occurring between 30 and 120 ms following the first spontaneous spike. Most of these high-burst neurons showed a robust bursting discharge rate of 7 6 2 spikes/s. In a minority of neurons (n 5 4), the bursts consisted of only two or three spikes per second (3 6 1 spikes/s). Figure 5 shows a stereotaxic plot of the various neurons recorded in the NRA in 12 rats.
| The effect of vagal nerve stimulation on NRA inspiration and expiration-related neurons
Vagal nerve stimulation (7 Hz, 1V) inhibited the activity of all rostral NRA inspiration-related neurons during the period of stimulation (Figure 6a-c) . Immediately after stimulation-withdrawal a decrease in the discharge rate of all inspiration-related neurons was seen for 3-5 poststimulus recovery breaths before returning to eupneic value. During the 3-5 poststimulus recovery breaths, the discharge rate of I-DEC cells (n 5 10) decreased from 6 6 1 spikes/s to 36 1 spikes/s, the I-CON cells (n 5 25) from 7 6 1 spikes/s to 3 6 2 spikes/s, while the I-AUG neurons (n 5 15) from 6 6 1 spikes/s to 4 6 1 spikes/s.
In contrast to the responses of the inspiration-related neurons, vagal stimulation evoked a mixed response in the activity patterns of expiration-related neurons in the caudal NRA (Figure 7a-c) . Vagal stimulation instantly prolonged the discharge of the E-DEC cells (n 5 15), The E-CON cell activity (n 5 30) increased from 7 6 1 spikes/s to 15 6 2 spikes/s during the stimulation period. Following the withdrawal of the stimulation, the E-CON cells continued to fire at a rate of 10 6 2 spikes/s for 3-5 poststimulus recovery breaths before returning to eupneic value. Vagal stimulation inhibited E-AUG cells (N 5 25) for the period of stimulation, but during the 3-5 poststimulus recovery breaths, the E-AUG neurons showed an increase from pre-stimulation levels of 6 6 1 spikes/s to poststimulation levels of 9 6 3 spikes/s before returning to eupneic value. Vagal stimulation (7 Hz, 1 V) did not influence the discharge pattern of any of the nonphasic neuronal subtypes.
| Effect of hypercapnea and hyperoxia on respiratory motor output
Hypercapnea increased the respiratory frequency from 72 6 5 breaths/ min to 97 6 8 breaths/min (n 5 6), and hyperoxia decreased the respiratory frequency from 72 6 5 breaths/min to 35 6 8 breaths/min (n 5 6). In both situations following withdrawal of stimulus, the respiratory frequency recovered to control levels within the next 5-10 s.
| The effect of hypercapnea on the inspiration and expiration-related neurons in the NRA
Hypercapnea induced an increase in the discharge rates of all inspiration (Figure 8a-c) and expiration-related neurons (Figure 9a-c) in the NRA. The I-DEC cells (n 5 10) increased their discharge rate from 6 6 1 spikes/s to 10 6 2 spikes/s, the I-CON (n 5 25) neurons from 7 6 1 spikes/s to 12 6 2 spikes/s, and the I-AUG neurons (n 5 15) from 6 6 1 spikes/s to 13 6 2 spikes/s. The E-DEC neurons (n 5 15) increased their discharge rate from 6 6 1 spikes/s to 11 6 2 spikes/s, the E-CON cells (n 5 30) from 7 6 1 spikes/s to 126 1 spikes/s, and the E-AUG neurons (n 5 25) from 6 6 1 spikes/s to 15 6 1 spikes/s.
| Effect of hyperoxia on the activities of inspiration and expiration-related neurons in the NRA
Hyperoxia induced a decrease in the discharge rates of inspiration (Figures 10a-c) and expiration-related neurons (Figure 11a-c) in the NRA.
The I-DEC (n 5 10) cells decreased their discharge rate from 6 6 1 spikes/s to 2 6 1 spikes/s, the I-CON (n 5 25) neurons from 7 6 1 spikes/s to 3 6 1 spikes/s, and the I-AUG neurons (n 5 15) from 6 6 1 spikes/s to 3 6 1 spikes/s. The E-DEC neurons (n 5 15) decreased their discharge rate from 5 6 1 spikes/s to 3 6 1 spikes/s, the E-CON cells (n 5 30) from 6 6 1 spikes/s to 3 6 1 spikes/s, and the E-AUG neurons (n 5 25) from 7 6 1 spikes/s to 3 6 1 spikes/breath. Figure 12 shows the percentage changes of the activity of NRA neurons during the various respiratory interventions. 
| D I SCUSSION
| The nucleus retroambiguus
In the cat the medullary lateral tegmental field is the rostral extension of the spinal intermediate zone, containg premotor interneurons for the motoneurons in the brainstem innervating face, chewing, tongue and soft palate, pharynx, and larynx muscles (Holstege, 1991; . As demonstrated by Merrill (1970) interneurons in this lateral tegmental field play a role in respiration control. Holstege and Kuypers (1982) , for the first time, demonstrated that some of these interneurons in the medullary lateral tegmental field caudal to the obex have direct and specific access to the motoneurons in the spinal cord innervating the diaphragm, abdominal muscles, and pelvic floor. All these muscles are involved in controlling the intra-abdominal and intrathoracic pressure, which play a crucial role in respiration and vocalization, but also in motor activities as vomiting (Miller et al., 1995) , parturition, and probably defecation (Holstege, 2014; Pavcovich, Yang, Miselis, & Valentino, 1998) . In the cat, the premotor interneurons that maintained direct excitatory projections to the thoracic and abdominal pressure motoneurons were located in a rather small group of neurons in the ventrolateral part of the lateral tegmental field at the level of the obex extending almost 10 mm further caudally. Later studies showed that the NRA with similar projections to the spinal cord was also present in the rat (Holstege et al., 1997) , and in the monkey (Vanderhorst et al., 2000a) . In all three animals it has been demonstrated that the NRA receives very strong and specific projection from many neurons in the PAG, mainly from its lateral and ventrolateral parts and from neurons in the tegmentum next to the PAG (Holstege, 1989; Holstege et al., 1997; Vanderhorst, Terasawa, Ralston, & Holstege, 2000b) .
| Topographic functionality of the NRA
Unlike the respiratory-related neurons in the pre-B€ otzinger complex (Cui et al., 2016) , principally involved in respiratory rhythm generation, the NRA neurons not only control the diaphragm, but also the Neurons in the rostral NRA generate changes in diaphragm activity resulting in increased respiratory frequency. The rostral NRA also contains the neurons that represent the caudal part of the ventral respiratory group, involved in rhythm generation as previously proposed (Ellenberger & Feldman, 1990; Ezure et al., 1988; Jones et al., 2012 Jones et al., , 2015 Richter & Smith, 2014; Smith, Abdala, Borgmann, Rybak, & Paton, 2013) . Stimulation in caudal portions of the NRA produced either a laryngeal response, an abdominal response or a combined pelvic floor-abdominal response with associated diaphragm modulations.
These responses do not contribute to respiratory rhythm but to other PAG induced motor responses as discussed below.
The finding that NRA stimulation at the level 1.0 mm caudal to the obex induced thyroarytenoid muscle activation suggests that the laryngeal motor system in the rat is similar to that in the cat (Holstege, 1989; Subramanian, Arun, Silburn, & Holstege, 2016; Subramanian & Holstege, 2009 Zhang et al., 1995) . In the cat, stimulation in the rostral NRA generated both cricothyroid and thyroarytenoid muscle activation as well as tracheal pressure increase resulting in vocalization (Subramanian & Holstege, 2009 ).
In the rat, rostral NRA stimulation did not generate cricothyroid muscle (Riede, 2011 (Riede, , 2014 , were not found. In all likelihood, ultrasonic vocalizations in rats (Soltysik & Jelen, 2005) are the result of the PAG activating a combination of several NRA neurons at different rostrocaudal levels with different projections to laryngeal, pharyngeal, and abdominal muscle motoneurons.
Caudal NRA stimulation evoked abdominal muscle activation, which is not only involved in breathing (Subramanian & Holstege, 2009 ), but also in expulsive behaviors (Iscoe, 1998; Miller & Yates, 1993; Nonaka & Miller, 1991) . Rats, unlike cats, (Shannon, Baekey, Morris, & Lindsey, 1996; Shannon et al., 2004; Simera et al., 2015) do not cough, but sneeze, which involves abdominal muscle activation.
Other expulsive acts that require abdominal activation are micturition, parturition, ejaculation, defecation, and mating (Holstege, 2014) .
Another major finding in this study is that the NRA activates the pubococcygeus muscle, which takes part in the pelvic floor control.
The pelvic floor muscles not only participate in abdominal pressure control, but also in lordosis (Brink & Pfaff, 1980; Vanderhorst & Holstege, 1995) , micturition (Holstege, Griffiths, de Wall, & Dalm, 1986; Manzo et al., 1997) , defecation and parturition (Holstege, 2014) . The PAG-NRA-pelvic floor motoneuronal pathway may play a role in these motor activities, although the main control centers are the pelvic organ stimulating center (POSC) and the pelvic floor stimulating center (PFSC) in the pontine tegmentum (Holstege, 2016) .
| Different types of neurons in the NRA
In the NRA, we found inspiration and expiration related neurons as well as nonphasic neurons. The inspiratory augmenting (I-AUG) neurons showed similar firing characteristics as the late inspiratory (late-I) neurons in the rostral ventrolateral medulla, and the inspiratory decrementing (I-DEC) neuronal firing was similar to that of the pre-B€ otzinger preinspiratory (pre-I) neurons (Subramanian, 2013; Subramanian & Holstege, 2013) . The NRA-neurons located just caudal to the obex may form a component of the respiratory rhythm generating circuit in vivo (Jones et al., 2012 (Jones et al., , 2015 Richter & Smith, 2014) . Also, the presence of three different types of expiratory modulated neurons in the NRA suggests that these neurons play a role in the expiratory oscillator network (Jenkin & Milsom, 2014) . In contrast to the dense clustering of the phasic cells, we found nonphasic cells scattered rostrocaudally throughout the NRA. The fact that these neurons are under strong control of the PAG demonstrates the strong influence of the PAG in mediating emotional motor expression, which includes respiration.
| NRA functions as a mechanoreceptor relay
Unilateral vagal stimulation is a standard method to elicit and study the Hering-Breuer (HB) reflex. In our previous papers (Subramanian et al., 2007a,b) , we have compared various techniques such as electrical stimulation of the vagal nerve and lung inflation on elicitation of the HB reflex. A hall-mark of HB reflex elicitation is immediate bradycardia upon electrical stimulation and expiration prolongation, which was verified in our stimulation protocol. Two types of respiratory neurons, the I-AUG and the E-DEC cells, recorded mainly from the ventral respiratory group rostral to the obex, are suggested to mediate the vagal nerve induced Hering-Breuer reflex (Feldman & Cohen, 1978; Hayashi, Coles, & McCrimmon, 1996; Remmers, Richter, Ballantyne, Bainton, & Klein, 1986; Richter, 1982; Subramanian et al., 2007a,b) . Of these two the E-DEC neurons are excited by lung inflation in cats (Feldman & Cohen, 1978; Remmers et al., 1986; Richter, 1982) and rats (Hayashi et al., 1996; Parkes, Lara-Munoz, Izzo, & Spyer, 1994) . In this study, we show how the NRA cells respond to vagal stimulation. All inspiration related neurons are completely suppressed during vagal stimulation.
According to Bonham and McCrimmon (1990) , this inhibition of I-DEC and I-CON neurons might be mediated through activation of "pump cells" located in the nucleus tractus solitarius. The latency of postsynaptic potentials in neurons in the ventral respiratory group (Hayashi et al., 1996) supports the existence of a di-synaptic pathway from the slowly adapting stretch receptors in the lung periphery via pump cells in the nucleus tractus solitarius to the expiratory cells in the medulla.
Our results show that the expiration related neurons in the NRA remain activated throughout the extended expiratory phase, suggesting a pump cell relay. I-AUG NRA-neurons as compared to the I-DEC and I-CON cells are the least inhibited during the poststimulus recovery period of 3-5 breaths and could represent the inhibitory cells as previously thought (Remmers et al., 1986; Richter, 1982; . Conversely, all the expiration related cells were excited following vagal stimulation. The maximum increase in activity was that of the E-DEC neurons, consistent with the hypothesis that E-DEC cells inhibit inspiratory neurons (Lindsey, Segers, & Shannon, 1987; . It also corresponds with the observation that these cells play a major role in mediating the vagus induced Hering-Breuer reflex in the rat (Hayashi et al., 1996) .
FIG URE 14
Effect of skin pinch on the activity of nonphasic low burst, medium and high-burst neurons in the NRA. Note the silencing of the high burst cells following skin pinch contrary to the activation of both the low and medium burst cells 4.5 | NRA phasic neurons are modulated by peripheral chemoreceptors It is known that in humans, emotional responses, such as the defense response and vocalization, are attenuated following elimination of the carotid bodies. Moreover, carotid sinus hypersensitivity leads to spontaneous syncopal episodes involving expulsive behaviors as coughing, sneezing, defecation, and micturition (Strasberg et al., 1989) . It shows that carotid afferent feedback modulates emotional motor expression.
Since the PAG-NRA pathway plays a critical role in the emotional motor system (Holstege, 1989 (Holstege, , 1992 Subramanian & Holstege, 2009 Subramanian et al., 2008) , we examined the effect of peripheral chemoreceptor and nociceptive stimulation of NRA neurons. Peripheral chemoreceptors located in the carotid bodies provide information about O 2 , CO 2 , and pH to the respiratory centers of the medulla (Feldman et al., 2003; Guyenet, 2014; Guyenet & Bayliss, 2015) . Brief inhalation hypercapnea or hyperoxia are known to instantly activate or inhibit carotid bodies, as a response to changes in arterial pO 2 and pCO 2 within ms in animals (Nurse, 2005) as well as in humans (Kara, Narkiewicz, & Somers, 2003) . This is shown in the individual respiratory cycles in our data. The retro-trapezoid nucleus in the rostral medulla has been suggested to serve as the major site for synaptic integration of peripheral chemoreceptors (Guyenet & Bayliss, 2015) . The present study shows that NRA neurons also receive synaptic input from the peripheral chemoreceptors since hypercapnea and hyperoxia generates a latency of activation or inhibition of these cells. While most respiratory phasic neurons are activated by hypercapnia and inhibited by hyperoxia McCrimmon, Mitchell, & Alheid, 2008) , our data show how hypercapnea and hypoxia impact the same NRA phasic cells, which respond in an opposite manner. Our results also show that the respiratory motor output mimics the neuronal modulation. It means that apart from the retrotrapezoid nucleus, the NRA neurons also convey the carotid chemoreceptor induced effects to the spinal motoneurons, as suggested by Lipski, Trzebski, Chodobska, and Kruk (1984) .
| Role of nonphasic neurons in mediating chemoreception and nociception
In the cat, medullary neurons with non-phasic discharges have been proposed to function as both chemosensors and nociceptors (Arita et al., 1988) . In the present study, we found nonphasic neurons in the NRA, mainly low-and medium-burst ones. They showed an activityincrease as a response to hypercapnea even before the onset of diaphragmatic frequency increase. The effect of mechanical displacement of the tracheal cannula contributing to the modulation of neuronal activity can be ruled out because mechanical displacement would cause a strong increase in the amplitude of the diaphragm, which was not seen in our study. Second, room air breathing did not cause modulation of neuronal activity. In all likelihood, the time-lag between cell and diaphragm modulation reflects the excitation of central chemoreceptors, although we cannot conclude whether central chemoreceptors predominate the carotid body stimulation.
Nonphasic neurons also responded to nociceptive stimulation.
Nociceptive stimulation induced a transient inhibition of on-going respiratory activity followed by excitation of respiration. Hanson, Nye, and Torrance (1982) proposed that transient inhibition of breathing is mediated by vascular nociceptors and the latent effect by central chemoreceptors. A few of the low and medium-burst nonphasic neurons that were excited by CO 2 /O 2 stimulation also increased their activity to skin pinch, while nociception silenced the high-burst cells. Kanbar, Stornetta, and Guyenet (2016) suggested that the retro-trapezoid nucleus could function as a nodal point where nociceptor inputs are integrated with chemoreceptor information. Since the nonphasic neurons also responded to nociceptive stimulation, the drive to the NRA nonphasic neurons could be mediated via activation of the retrotrapezoid nucleus (Guyenet, 2014; Guyenet & Bayliss, 2015; Kanbar et al., 2016; Takakura & Moreira 2016) , which has been shown to have access with the NRA region Guyenet, 2014) . Thoracic and abdominal pressure control is modulated by both chemical and behavioral inputs, and these nonphasic units seem to play an important role in integrating both the chemical and behavioral input in the context of emotional motor expression.
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